Wet heat treatments are widely used sterilization techniques for inactivating dangerous and resistant sporulating bacteria. The effectiveness of such treatments depends upon the thermodynamics of water uptake by the spore as well as the kinetics of phase transformations in the hydrated spore core. The mechanism behind these chemical and physical processes remains unknown because the thermodynamic properties of the spore core constituents are not well understood. Here, we use reactive molecular dynamics simulations to calculate the vibrational density of states and specific heat of hydrated calcium dipicolinate as well as the free energy of hydration based on Jarzynski's inequality. These two quantities are used to construct a phase diagram of hydrated calcium dipicolinate, indicating the extent of hydration at different pressures and temperatures, which can be used to identify potential regimes for wet-heat sterilization of bacterial spores. Sporulation is a common defense mechanism in several bacterial species in response to low nutrient levels and adverse thermal, mechanical, and chemical environments.
1,2 The extraordinary resilience of bacterial spores permits them to overcome severe physical and chemical stresses and persist in a state of dormancy for extended periods of time ranging from a few days to millions of years. 3, 4 This process of sporulation and subsequent re-germination of bacteria after exposure to sub-lethal stresses is of intense interest for strategic applications in the defense industry and of considerable commercial interest to the food preparation and preservation industries. 5 Wet-heat treatments like boiling, steaming, and autoclaving are the most commonly employed strategies to inactivate bacterial spores and prevent their re-germination. These sterilization techniques rely on the interplay of high temperature and increased water content in the cores of bacterial spores which contain metabolic enzymes, proteins, genetic materials, and salts of dipicolinic acid (DPA) with a divalent cation such as Ca 2þ , Mg 2þ , and Mn 2þ . [6] [7] [8] [9] Among these, DPA chelated with the Ca 2þ cation to form calcium dipicolinate (Ca-DPA) is considered to be mechanistically important for the dormancy, heat resistance, and germination of spores. [10] [11] [12] [13] [14] Specifically, experiments involving chemical assays, attenuated total reflection Fourier transform infrared spectroscopy, and laser tweezers Raman spectroscopy 15, 16 have identified the presence of Ca-DPA in the spore core matrix as being responsible for the dormancy of the spore core. Further, there is a correlation between the release of Ca-DPA from the spore core and subsequent spore death due to exposure to high pressure, temperature, wet-heat, and chemical agents. 13, 17, 18 It has been hypothesized that the heat resistance of spores arises from suppressed enzymatic activity and protein agglomeration resulting from decreased diffusivity of the spore core matrix containing Ca-DPA in a glassy phase. 19 This is supported by a recent computational study which showed that environmental conditions corresponding to spore death coincide with conditions where the spore core is in a gel-like or molten phase. 20 The extent of spore-core hydration was found to be a critical parameter that controls the temperature for the onset of solid-molten phase transformation and is therefore important for the wet-heat death of spores. The extent of hydration depends on the thermodynamics of water uptake, which is difficult to characterize experimentally.
In this paper, we use reactive molecular dynamics (RMD) simulations to calculate thermodynamic properties relevant to the wet-heat treatment process such as the free energy of Ca-DPA hydration and the heat capacity of the hydrated Ca-DPA crystal. Various approaches have been used for accelerated sampling and mapping of free energy landscape using molecular simulations. 21 The free energies of hydration, computed here using a non-equilibrium calculation methodology, show monotonically increasing behavior with increasing hydration of the Ca-DPA in the spore core. However, the specific heat capacity contribution of added water to Ca-DPA decreases with hydration. These two thermodynamic properties are used to construct a phase diagram of the spore core showing the extent of hydration at different pressures and temperatures, which can be used to identify potential regimes for wet-heat sterilization.
We use RMD simulations based on first-principles derived reactive force field (ReaxFF) [22] [23] [24] to calculate the specific heat and free energy of hydration of the Ca-DPA crystal. For notational brevity, Ca-DPA implies the [Ca-DPA. [Ca-DPA.3H 2 O] 4 crystal. 20 Figure 1 shows the unit cell of the Ca-DPA crystal containing four Ca 2þ ions and four DPA molecules along with twelve water molecules that are bound to Ca 2þ ions. The crystal structure of the native form of calcium dipicolinate, [Ca-DPA.3H 2 O] 4 , which is found in the core of unhydrated spores, contains two types of H 2 O molecules that differ in the number of calcium ions in their coordination shell. 25 4 unit cells, which are then expanded in volume and thermalized to obtain zeropressure states at room temperature. These thermalized systems are discussed in detail in the supplementary material and serve as initial configurations for the calculation of both the heat capacity and the free energy of hydration as described in subsequent paragraphs.
The zero pressure configurations obtained at a temperature of 300 K with n ¼ 0, 2, 4, 7, 9, and 11 waters in [Ca-DPAÁ3H 2 O] 4 þ nH 2 O are slowly cooled to 100 K in steps of 50 K. The velocity information from a 6 ps long RMD trajectory in the NVE ensemble is used to calculate normalized velocity auto correlation functions (VACF) for various species (C, H 
In the above equation, Z a is the VACF for species a, and v ia ðtÞ is the velocity of the i th atom of species a at time t and brackets denote the average over atom and time origins. From the VACF, we calculate the partial vibrational density of states 26 (pDOS), G a ðxÞ, for the different species mentioned above using Eq. (2). The total vibrational density of states, GðxÞ, of the Ca-DPA crystal is a sum of the pDOS for different species [Eq. (3)]
Density of states is calculated at a relatively low temperature of 100 K in order to preclude any long-range diffusion of added water which could affect the calculation of velocity autocorrelation functions. 
where u ¼ hx=k B T and k B is the Boltzmann constant. The computed heat capacity values for different constituents of the [Ca-DPA.3H 2 O] 4 þ nH 2 O system are shown in Fig. 3 . The heat capacities of the Ca-DPA molecule and the (singly and doubly) bonded water molecules are higher in the hydrated system at all temperatures, reflecting the relatively weak bonding of excess water molecules. Figure 4 shows the average heat capacity per water molecule in the hydrated Ca-DPA as a function of water content. The heat capacity decreases monotonically from 36 J mol
, approximately equal to that of bulk water in ice-Ih, 27 suggesting that water uptake detrimentally affects the heat resistance of spore cores. Another important thermodynamic metric for the hydration process is the free energy of hydration, which quantifies the susceptibility of the spore core to undergo hydration (i.e., absorption of water molecules from the environment) or dehydration (i.e., release of water molecules from the hydrated spore core) under given P-T conditions. Hydration free energy was calculated using Jarzynski's method [28] [29] [30] [Eq. (5)], which relates the free energy difference between two systems, DF, to the ensemble average of the work done, W, along a finite MD trajectory connecting the two systems
The work done during the addition of water molecules to the Ca-DPA crystal is calculated as follows. Fig. 5 . Based on the calculation methodology discussed above, we compute P-V curves for Ca-DPA systems at different levels of hydration corresponding to temperatures between 273 K and 368 K. The P-V curve for 300 K is shown in Fig.  6 . P-V curves at different temperatures for systems with n ¼ 2, 4, 7, and 9 added water are reported in the supplementary material. The calculated free energy of hydration increases with increasing hydration and decreases with increasing temperature for a given value of hydration, within the temperature range considered here (273 K-368 K).
The specific heat and free energy of hydration are used to estimate Dl, the difference in chemical potential of water molecules in the Ca-DPA matrix and in bulk liquid water at a constant temperature and pressure. A positive value of Dl indicates that water molecules flow from the bulk liquid water into the Ca-DPA matrix leading to hydration of the spore core. Conversely, a negative value of Dl indicates that water preferentially leaves the Ca-DPA matrix for the bulk liquid water phase leading to spore dehydration. We estimate the difference in water chemical potential using the following equation:
where Dl T; P ð Þ is the calculated difference in chemical potential, and DX is the difference in grand canonical free energy; X ¼ ÀPV of water molecules, given by 
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Mishra et al. Appl. Phys. Lett. 113, 113702 (2018) partial molar volumes of water molecules in the bulk water molecules and Ca-DPA phases at pressure P, respectively, as obtained from the respective P-V curves. The P-V curve for the bulk water system is calculated following the methodology for hydrated Ca-DPA systems as shown in the supplementary material. The difference in the molar heat capacity of water (DC V ) in hydrated Ca-DPA and bulk water is obtained from the calculated vibrational density of states of the respective systems. Equation (6) defines the difference between chemical potential of water molecules in the Ca-DPA matrix and liquid water. The free energy difference between water molecules in hydrated Ca-DPA and the water vapor phase can be obtained by including an additional term corresponding to the difference between free energies of liquid water and steam at a given temperature and pressure [Eq. (7)]
where P vap ðTÞ is the vapor pressure of H 2 O at T Kelvin.
We use Eqs. (6) and (7) to estimate Dl at temperatures between 300 K and 600 K and pressure values in the range of 0.01 MPa-400 MPa [ Fig. 7(a) ]. The value of DlðT; PÞ defines three distinct regions in the T-P space. High temperature and low-pressure regions are characterized by negative values of Dl and correspond to physical conditions where water molecules evaporate from hydrated Ca-DPA leading to spore dehydration. At high pressures and low temperatures, the chemical potential of water in the high-density bulk liquid phase is lower than in the low-density Ca-DPA matrix which leads to dehydration. In contrast, regions of intermediate temperature and pressure, particularly close to the ambient pressure (P ¼ 0.1 MPa) and boiling point of water (T ¼ 373 K), have positive Dl values indicating the stability of the hydrated Ca-DPA.
The calculation of heat capacity and free energy of hydration for [Ca-DPA.3H 2 O] 4 þ nH 2 O; n ¼ 0, 2, 4, 7, 9, and 11 allows us to estimate the relative stabilities of Ca-DPA phases with different levels of hydration as a function of temperature and pressure. Figure 7(b) shows the phase diagrams of the most stable [Ca-DPA.3H 2 O] 4 þ nH 2 O and bulk water phases. Regimes corresponding to wet-heat treatments like boiling, steaming, and autoclaving lie within the stability domain of partially hydrated Ca-DPA. Figure 7 (b) also suggests that other temperature and pressure conditions, like high-pressure boiling (T ¼ 373 K and P > 0.1 MPa), could be viable alternatives for spore death.
In conclusion, we have used reactive molecular dynamics simulations to calculate vibrational density of states and non-equilibrium quasi-static P-V work to evaluate the heat capacity and hydration free energy of hydrated Ca-DPA crystals. These values are used to construct a phase diagram of the hydrated spore core to identify regimes of temperature and pressure where hydration (or dehydration) of the spore core is thermodynamically favorable. The stability regimes identified in the phase diagram are in agreement with commonly used wet-heat treatments and also suggest new pressure and temperature conditions for spore sterilization.
See supplementary material for the system set up and simulation details.
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